The effect of dietary digestible protein/digestible energy (DP/DE) ratios and feeding level on growth, feed efficiency, nutrient and energy usage by Atlantic salmon (Salmo salar; initial body weight, 7.0 g/fish) at 15°C was investigated in a 16-week feeding trial. Three diets, differing in their DP and DE contents, namely 37/18 (regular diet, RD), 37/21 (high fat diet, HF) and 44/ 22 (high nutrient-dense diet, HND) g/MJ of dry feed were formulated. DP/DE ratios were 20, 18 and 20 g/MJ for the RD, HF and HND diets, respectively. Salmon were hand-fed three times a day at either 100% or 85% of the feed requirement estimated by a bioenergetics model. At each feeding level, DE intake (kJ/fish) was similar for all three diets. Diet composition did not affect growth rate. However, increasing the digestible energy density from 18 to 22 MJ/kg of dry feed resulted in a significant increase (P < 0.05) in feed efficiency. Restricting feed intake significantly decreased live body weight gains for all diets. However, feed efficiency was not affected by feeding level. Diet composition and feeding level did not affect carcass composition and nutrient and energy usage, with the exception of a higher (P < 0.05) carcass lipid of fish fed the HF100 diet compared with the fish fed the RD and HND diets and a higher (P < 0.05) lipid gain (g/fish) of fish fed the HF100 diet compared with fish fed all the diets at the restricted feeding level. Restricting feeding resulted in significantly lower (P < 0.05) energy gain (kJ/fish) compared with fish fed at 100%. Increasing the DE and nutrient density of the diet had no effect on growth but improved feed efficiency and lowered solid wastes (g of solid wastes per kg of fish produced) while dissolved wastes were not affected by dietary ormulation.
INTRODUCTION
Protein is the most expensive component of most fish feeds and its replacement by less expensive energy sources, such as lipids, needs to be investigated. The amount of dietary lipid should be increased by replacing protein until an optimal dietary balance between protein and energy is achieved allowing for maximum growth and feed efficiency, and lower waste outputs.
Cho 1 found that the most efficient combination of protein and fat (based on maximum growth and nutrient retention efficiencies) for rainbow trout was obtained with 36% digestible protein (DP) and 16% lipid. Watanabe et al. 2 reported maximum protein retention was observed at a protein to lipid ratio of 35% protein and 15-20% lipid. According to the findings from Cho and Woodward, 3 rainbow trout require a diet with at least 15 MJ digestible energy (DE)/kg and DP/DE of 22-24 g/MJ to maximize both live weight gain and nitrogen retention. These levels have been recommended by the National Research Council (NRC; Washington, DC, USA). 4 In recent years, high lipid (25-35%) diets with lower DP : DE ratios (16-18 g/MJ) than recommended by NRC 4 have been used increasingly to rear Atlantic salmon.
Several studies have shown that providing DE as lipids can minimize protein catabolism. [5] [6] [7] [8] [9] The fact that these high lipid diets support similar growth performances but better protein usage for large Atlantic salmon in seawater compared to diets
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Energy ratios at two feeding levels Paula A AZEVEDO, 1, * Dominique P BUREAU, 1 Steve LEESON 1 AND C Young CHO mesh. For the HF and HND diets, 28 and 26% of the total amount of fish oil in the diets was added to the dry pellet, respectively, using an electric paint spray gun (model 120; Wagner, Minneapolis, MN, USA). The diets were kept at -4°C until used and the amount required for each week only was kept at room temperature.
Fish and experimental conditions
Atlantic salmon (LaHave River, anadromous strain) were obtained from the Ontario Ministry of Natural Resources Ringwood Fish Culture Station (Aurora, ON, Canada).
with high protein contents, suggests the need to conduct studies on the effect of diets with higher lipid contents (i.e. above 20%) and lower DP/DE ratio (18 g/MJ) on growth and efficiency of nutrient usage by Atlantic salmon fingerlings. 10, 11 Optimizing protein and energy usage may also help improve environmental sustainability of salmonid aquaculture. Nutrient-dense diets have been shown to lower total solid waste output and, consequently, reduce the waste output from fish culture. 12 This is mainly due to the use of highly digestible ingredients with high protein and energy contents and low carbohydrate, fiber and phosphorus contents in the feed formulation. 12 DP and DE are increased without altering the protein/energy ratio. 12 The effect of such diets were studied in brown trout (Salmo trutta) and lake trout (Salvelinus namaycush) 12 and a reduction in total solids and solid nitrogen and phosphorus waste outputs was observed. No studies have so far been conducted with fingerling Atlantic salmon (Salmo salar) in freshwater.
The effect of increasing the DE content of the diet while maintaining the DP/DE ratio (20 g/MJ) and the effect of increasing dietary DE at the same dietary DP content, but with different DP/DE ratio (18 g/MJ versus 20 g/MJ) was studied. Different feeding levels were used to test if feed restriction affected nutrient and energy usage under these conditions as suggested by Einen et al.
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MATERIALS AND METHODS
Diets and feeding protocol
Three diets were formulated ( Table 1) . The regular diet (RD) was formulated to provide DE of 18 MJ/kg of feed, with a DP/DE ratio of 20 g/MJ. The high lipid diet (HF) had the same protein content as RD, but it had a higher lipid content, which increased the DE of the diet to 21 MJ/kg of feed and resulted in a lower DP/DE ratio (18 g/MJ). The high nutrient-dense diet (HND) had a higher protein content than the RD and HF diets and the same lipid content as the HF diet, providing a DP/DE ratio identical to the RD diet. Dietary ingredients (Table  1) were obtained from a local feed manufacturer (Martin Feed Mills, Elmira, ON, Canada). The diets were mixed using a Hobart mixer (Hobart Ltd, Don Mills, ON, Canada) and pelleted to the appropriate size (2 pt; a pellet of 2 mm length) using a steam pellet mill (California Pellet Mill Co., San Francisco, CA, USA). The feed pellets were subsequently dried in an air current at room temperature for 24 h and subsequently sieved through a 1-mm Salmon were acclimatized to the experimental conditions for a period of 2 weeks, during which time they were fed a commercial trout diet, MNR -95HG (42% crude protein and 16% lipid, on an as is basis) obtained from Martin Feed Mills (Elmira, ON, Canada). The animals were kept in accordance with the guidelines of the Canadian Council on Animal Care (CCAC) 14 and the University of Guelph Animal Care Committee.
Groups of 70 fish, weighing an average of 7.0 g (coefficient of variation (CV) 1.3%) were randomly allocated into each of 24 rectangular fiberglass tanks (50 L) with four replicates per treatment (combination of three diet compositions and two feeding levels). Each tank was considered an experimental unit. The tanks were supplied with a mixture of well water and city water at 1.5 L/min in a flow-through system. Water temperature was maintained at 15°C by injecting hot water into the incoming waterline. Each tank was individually aerated. A photoperiod cycle of 12 h light : 12 h dark was provided with a cool-white fluorescent light in a windowless laboratory.
The experiment included six dietary treatments, which were combinations of the three experimental diets fed either at 100% or 85% of the feeding level determined by the bioenergetics model of Cho 15 (i.e. RD at 100% (RD100), RD at 85% (RD85), HF at 100% (HF100), HF at 85% (HF85), HND at 100% (HND100) and HND at 85% (HND85). The bioenergetic model assumed a thermal-unit growth coefficient (TGC) of 0.100, water temperature of 15°C and carcass energy retention (RE) of 6.25 kJ/g live weight gain. The DE contents of the diet used in the bioenergetic model were 17, 19 and 21 MJ/kg for RD, HF and HND diets, respectively.
Four tanks each were allocated to each dietary treatment. The fish were hand-fed equal amounts of DE at each of the two feeding levels three times daily for 112 days (16 weeks). Mortality and temperature were checked daily, with feed to be allocated and weighed every week. Fish were weighed every 28 days.
Mortality averaged less than 2% during the experiment. However, an incidence of high mortality (20%) in several tanks occurred during the second week of period 2 but was not related to any dietary treatment. This high mortality was due to gas bubble disease causing exophthalmia, which was diagnosed by the Fish Health Laboratory at the University of Guelph. This disease disappeared when aeration in the tanks was increased in order to decrease supersaturation. The number of fish was equalized to 55 fish (per tank) starting on the third week of period 2. After this period, mortality was less than 1% for all treatment groups and growth rates and feed efficiencies were maintained in the expected range.
Fish sampling and chemical analysis
On the first day of the experiment, 48 fish (two fish/tank) and at the end of the trial 120 fish (five fish/tank) were randomly selected and anesthetized with tricaine methanesulfonate (2 g/10 L water), killed with a sharp blow to the head and placed in previously weighed grinding jars for carcass analysis. The jars were lightly capped and autoclaved at 110°C for 25 min. After cooling, a drop of liquid anti-oxidant (Ethoxyquin; Monsanto Canada, Mississauga, ON, Canada) was added to each jar. The autoclaved fish were then ground into a homogeneous slurry in a Cuisinart Food Processor DLC-7 (Cuisinart-Sanyo Co., Tokyo, Japan). The ground samples were transferred into shallow dishes, frozen and subsequently lyophilized. These samples were then reground and stored at -20°C prior to analysis.
Feed ingredients, diets and initial and final carcass samples and feces samples were analyzed for dry matter and ash according to AOAC methods, 16 crude protein (CP, %N ¥ 6.25) using a Kjeltech auto-analyzer (Model 1030; Tecator, Hoganas, Sweden), lipid of carcass samples by Bligh and Dyer 17 and gross energy (GE) using a Parr 1271 automated bomb calorimeter (Parr Instruments, Moline, IL, USA). Lipid and phosphorus (P) content of the diet and P of fecal samples were determined by a commercial laboratory (Labstat Inc., Kitchener, ON, Canada) according to AOAC methods numbers 4.5.02 and 4.8.14, respectively.
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Digestibility trial
At the end of the feeding trial fish were transferred to another aquatic system equipped with feces settling columns (Guelph system) and fecal samples were collected as described by Cho et al. 18 using acid-insoluble ash as indicator. 19 The experimental diets used in the feeding trial were previously added to 1 g/100 g feed with Celite AW521 (Celite, Lompoc, Canada; acid-washed diatomaceous silica) as a source of acid-insoluble ash. Fish were hand-fed three times a day to satiation. Apparent digestibility of protein, energy, dry matter and phosphorus were determined based on four replicates of fecal samples per diet collected over four collection periods. Water quality and water temperature were maintained similar to the conditions used in the feeding trial.
cant difference according to Tukey's honestly significant differences (HSD) test were provided for each dependent parameter. A critical level of P < 0.05 was adopted in all tests.
RESULTS
Apparent digestibility coefficients
Apparent digestibility coefficients of dry matter, energy and phosphorus were significantly higher for HF and HND diets compared with the RD diet ( Table 2 ). The apparent digestibility coefficients of crude protein were high and ranged from 94 to 95%.
Nutrient and energy intakes
The intakes of nutrients (g/fish) and digestible energy (kJ/fish) during 112 days are given in Table  3 . No statistical analysis was performed, as the nutrient intakes were independent variables, but are reported to show that the intake of the different nutrients and energy resulted as intended in similar DE intakes of the RD100, HF100, and HND100 dietary treatments, and of the RD85, HF85, and HND85 dietary treatments.
Growth and feed efficiency
When fed at the same feeding level, diet did not affect body weight gain and growth rate expressed as TGC (Table 4) . Restricted feed intake significantly reduced the live body weight gain and TGC for all diets. Increasing the lipid content and the nutrient density of the diet resulted in a significant
Data analysis
Growth rate
Growth rate was calculated using the thermal-unit growth coefficient (TGC; Cho 15 ) as follows:
where FBW is final body weight (g); IBW is initial body weight (g); T is temperature (°C) and D is the number of days.
Feed efficiency
Feed efficiency = live body weight gain/dry feed intake where:
Total solids, nitrogen and phosphorus (solid and dissolved) waste output
The biological method of predicting aquaculture waste output (BMPAWO) described by Cho et al. 20 and Cho et al. 12 was used to estimate total solids, solid and dissolved nitrogen and phosphorus waste outputs.
Statistical analysis
The data on live body weight gain, body composition, energy and nutrient gains and retention efficiencies and waste output components were analyzed using the SAS General Linear Model (GLM) procedure 21 using the following model:
where m = overall mean; Y ij = the j'th observation from the i'th dietary treatment; D i = the effect of the i'th dietary treatment (i = 1,2, . . . ,6) and e ij = random error. Apparent digestibility coefficients were analyzed using the SAS/GLM procedure by applying the following model:
where m = overall mean; P i = replicate effect and e ij = random error.
Dietary treatment means and apparent digestibility were compared using the Tukey's Honestly Significant Difference Test. 22 Pooled standard error of means (SEM) and minimum signifi- Means in the same row not sharing the same superscript (a,b,c) are different (P < 0.05).
RD, regular diet; HF, high fat diet; HND, high nutrient-dense diet; HSD, Tukey's honestly significant difference.
PA Azevedo et al. of the carcass. Carcass ash content of the fish receiving dietary treatment HND100 was significantly (P < 0.05) lower than that of fish receiving the RD100, RD85, HF100 and HF85 treatments. Hence, at the highest intake level, increasing the nutrient density reduced the ash content of the carcass.
Nutrient and energy gains and retention efficiencies
The effect of dietary treatment on nitrogen, energy, phosphorus and lipid gains (g/fish or kJ/fish) and retention efficiencies (% gross or digestible intake) are presented in Table 6 . Nitrogen gains were not significantly different between the RD100, HF100 and HND100 dietary treatments. Restricting the feeding level significantly (P < 0.05) reduced nitrogen gains for all diets. Nitrogen retention efficiencies (%DNI) were only significantly different (P < 0.05) between RD85 and HF100 treatments. The effect of dietary treatment on energy gain was similar to that of dietary treatment on nitrogen gain, and for all the diets the gain at the 100% intake was significantly higher than at the 85% intake. However, differences between diets were not significantly different (P > 0.05) at the same feeding level. Feeding level affected lipid gains for the RD and the HF diets, but not for the HND diet. There were no differences between diets at the same feeding level. Dietary composition did not affect lipid gain and lipid retention efficiencies were not significantly different between dietary treatments. At the lower feeding level, digestible energy retention efficiency (% DEI) was significantly lower for the RD diet compared with the HF and HND diets. At the higher feeding level, digestible energy retention efficiency was also significantly lower for the RD diet compared with the HF diet and numerically lower than the HND diet. This indicates that the RD diet resulted in the * Intakes per fish per 112 days. RD100, regular diet at 100% intake; RD85, regular diet at 85% intake; HF100, high fat diet at 100% intake; HF85, high fat diet at 85% intake; HND100, high nutrient-dense diet at 100% intake; HND85, high nutrient-dense diet at 85% intake. † TGC, thermal-unit growth coefficient. Means in the same column not sharing the same superscript (a, b, c) are different (P < 0.05). n = 4 for each dietary treatment; SEM, standard error of mean; HSD, Tukey's honestly significant difference (P < 0.05). improvement in feed efficiency. Hence, feed efficiency was affected by dietary energy density. However, feeding efficiency was not affected by feeding level for any of the diets.
Whole-body carcass composition
Diet treatments did not affect crude protein or phosphorus contents of the fish carcasses ( Table  5 ). The HF diet resulted in significantly higher (P < 0.05) carcass lipid and GE contents than the RD and HND diets at the highest feed intake level. Feeding level did not affect lipid and gross energy composition of the fish for all diets. Fish fed the HF100 had a significantly (P < 0.05) lower moisture content than those fed RD100 and HND100 diets. This moisture content was also lower with HF85 than with RD85. At the same feeding level, decreasing the DP/DE ratio reduced the moisture content rous retention efficiency on a digestible basis was not significantly affected by diet and feeding level.
Waste outputs
Increasing the nutrient density of the diet and decreasing the DP/DE ratio, significantly (P < 0.05) reduced total solid waste output (Table 7) . Feeding level did not affect total solid wastes (g of total solid wastes per kg of fish produced; Table 7 ) for any of the diets. Solid nitrogen wastes were significantly (P < 0.05) higher for the fish fed the RD100 and RD85 diets than for the other dietary treatments. lowest energy retention efficiencies in both feeding levels.
Reduction of feed intake decreased phosphorus gains significantly (P < 0.05) for the RD and HF diets and numerically for the HND diet. Phosphorus retention efficiency (% total intake) was significantly (P < 0.05) lower in RD85 than in HF100, HND100 and HND85. Fish fed RD100 had lower phosphorus retention efficiency than those fed the other diets at both feeding levels, but this difference was only significant (P < 0.05) with HND85. Feeding the RD diet resulted in the lowest phosphorus retention efficiency, and this efficiency was not substantially affected by feeding level. Phospho- * Based on ADC for P determined in the digestibility trial (Table 2) . n = 4 for each dietary treatment. SEM, standard error of mean; HSD, Tukey's honestly significant difference (P < 0.05); means in the same column sharing the same superscript are not statistically different (P > 0.05). DN(E, P)I, digestible nitrogen (energy, phosphorus) intake; RD100, regular diet at 100% intake; RD85, regular diet at 85% intake; HF100, high fat diet at 100% intake; HF85, high fat diet at 85% intake; HND100, high nutrient-dense diet at 100% intake; HND85, high nutrient-dense diet at 85% intake. 16 Lipid content determined by method of Bligh and Dyer. 17 Gross energy (GE) by bomb calorimetry. DP, digestible protein; DE, digestible energy; RD100, regular diet at 100% intake; RD85, regular diet at 85% intake; HF100, high fat diet at 100% intake; HF85, high fat diet at 85% intake; HND100, high nutrient-dense diet at 100% intake; HND85, high nutrient-dense diet at 85% intake.
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Hence, increasing both the dietary lipid level and the nutrient density of the diet reduced solid nitrogen waste. The dissolved nitrogen waste output did not differ significantly between dietary treatments.
The total phosphorus waste was significantly lower with the HND diet compared with the other two diets at reduced feeding level, and restricting feeding level had no effect on total phosphorus wastes. The solid phosphorus wastes were significantly (P < 0.05) lower for the HND diet than for the other dietary treatments. Hence, decreasing the DP/DE ratio and increasing the nutrient density both reduced the solid P wastes. Reducing feeding level had no effect on reducing the solid phosphorus waste. Dissolved phosphorus waste outputs were not significantly different among all dietary treatments.
DISCUSSION
Similar growth rates were obtained at similar DE intakes with fish fed the three different diets. Because the HND and the HF diets had higher digestible energy contents than did the RD diet, a smaller physical amount of feed was required for the HND and HF diets to achieve the same growth performance compared with the RD diet. The results from the present study are in accordance with another study, where it was observed that the same growth performance could be achieved with diets with different DE content but the same DP/DE ratio, provided that DE intakes were the same. 20 Einen and Roem 11 observed similar growth when Atlantic salmon were fed diets with 18 or 20 g DP/MJ DE at similar DE intakes.
Restricting feed intake significantly decreased live body weight gains for the three diets compared with the 100% feeding level. However, feed efficiencies were not affected by feeding level for any of the diets used. These results are similar to those observed by Azevedo et al. 23 where moderate feed restriction decreased growth but had no effect on feed efficiency of rainbow trout.
The HF diet increased the lipid and dry matter contents of fish carcasses compared with the other two diets with higher DP/DE ratios. Einen and Roem 11 also observed higher whole-body lipid content with the lower DP/DE ratios that they used (i.e. 14, 16 and 19 g/MJ compared with carcass lipid contents in the fish fed a diet with a higher DP/DE ratio of 22 g/MJ). Within the same DP/DE ratio (i.e. the RD and the HND diet have the same DP/DE ratio) an increase in the dietary DP and DE contents did not affect the carcass lipid content of the fish.
Restricting feed intake had no significant effect on carcass composition of the fish regardless of diet. The crude protein content of fish carcasses was not affected by diet, suggesting that diet had no effect on the protein content of fish carcass. This is in accordance with the conclusions of Shearer, 24 which indicate that protein content of fish carcass was genetically determined with no effect of diet composition.
The DP/DE ratio or DE content of the diet did not affect nitrogen retention efficiency (% digestible nitrogen intake), at least within the range used. These results contrast with the findings of Einen and Roem 11 who observed a proteinsparing effect of lipid when the DP/DE ratio decreased from 21.9 to 16.4 g/MJ. The protein- * Based on apparent digestibility coefficients for N (or P) determined in the digestibility trial ( Table 2) . n = 4 for each dietary treatment; SEM, standard error of mean. HSD, Tukey's honestly significant difference (P < 0.05). Means in the same column sharing the same superscript are not statistically different (P > 0.05); RD100, regular diet at 100% intake; RD85, regular diet at 85% intake; HF100, high fat diet at 100% intake; HF85, high fat diet at 85% intake; HND100, high nutrient-dense diet at 100% intake; HND85, high nutrient-dense diet at 85% intake.
lipid retention efficiencies were lower than the 62% reported by Grisdale-Helland and Helland 28 when feeding Atlantic salmon diets with protein and lipid contents of 390 g/kg and 340 g/kg, respectively. The salmon used in the present study was offspring from wild salmon in contrast to the salmon used by Grisdalle-Helland and Helland, 28 which was a domesticated species. It is possible that a wild strain has lower lipid retention efficiency compared with a domesticated strain as shown by Thodesen et al. 29 when comparing the feed usage efficiency of offsprings from wild and selected Atlantic salmon.
Increasing the nutrient and energy density of the diet resulted in reducing the total solid wastes, as well as the solid nitrogen and phosphorus waste outputs. This was due to an improvement of the feed efficiency of the diets. This is in agreement with Alsted 8 and Johnsen et al. 30 Depending on the feed ingredients used in the formula, solid waste consists mainly of undigested starch from grain by-products. Removing wheat middlings from the HND diet reduced the undigested starch comparatively with the HF diet and, consequently, reduced solid wastes with the former diet. Therefore, the exclusion of poorly digested, low-energy and lowprotein ingredients, such as wheat middlings is desirable in order to improve feed efficiency and reduce total solid wastes. The total solid waste reduction was larger with the increase of nutrient and energy density of the diet compared with the effect of reducing the DP/DE ratio. The dissolved nitrogen wastes output, however, was not significantly different among diets. Nevertheless, several authors have reported significant reduction of the nitrogen excretion as a percentage of digestible N intakes, with an increase in DE provided either by lipid or digestible carbohydrates. 8, [30] [31] [32] In all these studies, there was a significant improvement in the efficiency of protein usage. In contrast, in the present study, there was no significant difference in the nitrogen gain and nitrogen retention efficiency, which is in agreement with there being no differences in the dissolved nitrogen waste outputs. The reasons why nitrogen retention efficiencies were similar among the three diets are mainly because the DP/DE ratios used were close to the optimal DP/DE ratio for salmon fingerlings and the range of DP/DE difference was possibly not great enough to see differences in nitrogen retention efficiencies and, consequently, differences in dissolved nitrogen waste outputs.
Total solid waste and P outputs obtained with the RD were similar to total solid waste outputs (g/kg fish produced) obtained by Cho et al. 20 when a practical grower diet for salmonids (MNR-89G) sparing effect of lipids was not significant in the present study, probably because the DP/DE of the HF diet was already near optimal or the differences in DP/DE were too small to give significant differences in nitrogen retention efficiency for Atlantic salmon fingerlings. Fish weight could also explain the lack of protein-sparing effect of lipids in the present study compared with the results by Einen and Roem. 11 As the fish grows there is a biological increase in body fat content along with an increase in fish weight compared with a stable body protein content across all life cycle stages of the fish. This will result in a greater need for dietary energy than for dietary protein and, consequently, lower optimal DP/DE ratios were required for the larger fish used by Einen and Roem 11 compared with the fingerlings used in the present study. In addition, according to Cho, the proportion of the ingested energy used for maintenance in fish also increases with fish weight. 15 This increase in DE requirement for maintenance with body weight (as the fish grows and its body weight increases there is an increase in the DE requirement for maintenance) would also be reflected in a lower optimal DP/DE ratio for larger fish compared to smaller ones.
The nitrogen, lipid and energy retention efficiencies were very similar to results obtained by Cho 25 for the diets containing a DE of 18 and 20 MJ/kg feed fed to Atlantic salmon. Energy retention efficiency was improved by raising the energy content and energy and nutrient density of the diet. The significantly higher energy retention efficiency (% DE intake) with fish fed the HND diet compared with the RD diet may be related to the fact that the HND diet contained fewer carbohydrates than did the RD diet. DE from carbohydrates is poorly retained by rainbow trout, 26 whereas the DE from lipids is very efficiently retained. The nitrogen retention efficiency obtained with the RD diet was comparable to that obtained by Takeuchi et al. 7 However, lipid retention averaged 54%, which was much lower than the 86% obtained by Takeuchi et al. 7 with a diet with a similar dietary protein to lipid ratio as the RD diet used in the present study. This difference is possibly due to species differences in using dietary protein and lipids for growth and energy purposes. Azevedo 27 also found lower lipid retention efficiency by Atlantic salmon compared with rainbow trout when fed similar diets. These results suggest that salmon uses lipids for energy purposes more efficiently than does rainbow trout.
Fish fed the HF diet had the highest energy retention; however, this was not significantly different from that of fish offered the HND diet. The PA Azevedo et al. was fed to fingerling brown trout (Salmo trutta) and lake trout (Salvelinus namaycush). However, solid and dissolved nitrogen waste outputs were much lower than values obtained by these authors. These differences are probably due to a lower DP/DE ratio and a higher dietary lipid content of RD compared with the MNR-89G diet. Comparing the current results from the HND diet with the waste outputs obtained by Cho et al. 20 with a high nutrient density diet (MNR-91H), total solids, solid and dissolved nitrogen and phosphorus waste outputs were lower with the diet used in the present study. These differences are probably due to a lower DP/DE ratio and a higher lipid content of the HND used in the present study compared with the MNR-91H diet.
Both decreasing the DP/DE ratio and increasing the nutrient density of the diet reduced the solid P waste. This reduction may be due to the reduced total feed intake by increasing the dietary DE level as well as due to the reduction of indigestible P inclusion in the HND diet. Reducing the feeding level had no effect on reducing the solid phosphorus waste outputs. The diets resulted in no effect on dissolved phosphorus wastes reduction. This suggests that fish control digestible P intake to meet the requirement for growth and, therefore, excrete only minute amounts or no non-fecal P. This indicates that the digestible P intake of the fish is directed almost completely towards deposition. 33 Furthermore, the apparent digestibility coefficient (ADC) for phosphorus determined by digestibility trial in the present study were very similar to ADC values for phosphorus predicted from table values (the values that appear in tables from references 33 to 35). [33] [34] [35] Although phosphorus plasma concentration was not measured in this study, zero excretion of dissolved phosphorus indicates that plasma P was below the threshold plasma inorganic phosphorus concentration for renal excretion 34 and, therefore, the digestible phosphorus was absorbed and deposited in the body of the fish. This is supported by retention efficiencies of phosphorus (as percentage of DPI) of 100% obtained in the present study. Limiting feed intake had no effect on total solids, solid and dissolved nitrogen and phosphorus waste outputs. This situation contrasts with the results from the simulation of Einen et al. 13 where N and P waste outputs significantly increased with feed restriction. As Azevedo et al. 23 pointed out, incorrect assumptions used by the simulation model, such as a decrease in the feed efficiency with decreasing ration and constant body composition of fish regardless of body size, explain the discrepancy between the results from the simulation model and the results from the present study.
Increasing the energy content of the diet improved feed efficiency, because a smaller amount of feed was necessary with the HF and HND diets than with the RD diet in order to obtain the same growth performances as the RD diet. The increase in dietary lipid content and reduced DP/DE ratio resulted in a significant increase in the lipid content of the fish.
Increasing the energy density of the diet reduced the solid waste output (g of solid waste output per kg of fish produced) and also the solid nitrogen and phosphorus waste outputs. However, dissolved nitrogen and phosphorus wastes were not affected by diet composition. Restricting feed intake levels had no effect on solid and dissolved waste outputs.
